INTRODUCTION {#SEC1}
============

Eukaryotic cells rapidly duplicate their genome by initiating DNA replication at multiple origins. Defects in origin regulation can cause DNA damage, developmental abnormalities and cancer ([@B1]). In multicellular eukaryotes, the rules for how certain genomic loci are selected to be active origins remain incompletely defined. Origin activity can differ among cells in development, which correlates with changes to the epigenome, but mechanisms are poorly understood ([@B2]). In this study, we investigate how nucleosome position influences the activity of origins responsible for developmental gene amplification in the *Drosophila* ovary.

Eukaryotic origins are binding sites for a multi-subunit pre-replicative complex (pre-RC) ([@B3]). During pre-RC assembly, origin DNA is first bound by the six subunit origin recognition complex (ORC). The ORC then recruits Cdc6 and Cdt1, which are required to clamp the hexameric MCM helicase around DNA to complete pre-RC assembly ([@B3]--[@B10]). The pre-RC assembles during G1 phase of the cell cycle, and is then activated by Cyclin / CDKs and Dbf4 / CDC7 kinases to initiate DNA replication during the subsequent S phase ([@B10],[@B11]).

In multicellular eukaryotes, the pre-RC assembles and DNA replication initiates at preferred sites, but much remains unknown about how genomic loci are selected to be active origins. ORC has little DNA sequence specificity *in vitro* beyond a preference for AT-rich and negatively supercoiled DNA ([@B12]--[@B18]). Although a number of DNA sequence attributes have been reported to correlate with ORC binding sites and active origins, none of these genome-wide correlations are perfect ([@B19]--[@B21]). What is clear is that chromatin exerts a major influence over origins, and can result in different origin activities in different cell types ([@B2],[@B22]). During development, changes to the epigenome influence where pre-RCs assemble, when during S phase they initiate replication (origin timing), and the fraction of cell cycles during which they do so (origin efficiency) ([@B2],[@B16],[@B23]--[@B31]). In general, origins that reside within active epigenome domains tend to initiate efficiently and early in S phase, whereas origins within heterochromatic domains are less efficient and initiate later in S phase, although there are exceptions to these rules ([@B31]--[@B41]).

While it is clear that chromatin impacts origin activity during development, the molecular mechanisms are incompletely defined. One common attribute among eukaryotic origins is that they correspond to nucleosome depleted regions (NDRs) ([@B2],[@B36],[@B42]--[@B47]). In fact, early evidence in yeast indicated that forcing a nucleosome over an origin inhibits its function ([@B48]). The observation that most origins are NDRs, together with the promiscuous DNA binding of ORC *in vitro*, suggested that ORC binds DNA *in vivo* wherever it is not occluded by nucleosomes. In contrast, more recent evidence suggests that nucleosomes adjacent to some origins may actually play a positive role in promoting ORC binding and origin activation at select sites ([@B46],[@B49]--[@B50]). Specific modifications of nucleosomes at origins promote pre-RC assembly and activation, including acetylation and methylation of specific histone lysines ([@B51]--[@B61]). Conversely, evidence suggests that heterochromatin inhibits origins by hindering recruitment of proteins required for replication initiation ([@B62]). Despite these important advances, these nucleosome modifications are not instructive at all origins, and much remains to be learned about how chromatin influences pre-RC assembly and activation.

To understand how chromatin regulates origins, we have been studying developmental gene amplification during *Drosophila* oogenesis. During gene amplification, origins at six genomic loci repeatedly initiate DNA replication, which results in a local increase in the copy number of genes required for eggshell (chorion) synthesis ([@B23],[@B63]--[@B66]). These amplicon origins are bound by the pre-RC and active in ovarian follicle cells only during late oogenesis, a time when other origins are not active and genomic replication has ceased (Figure [1A](#F1){ref-type="fig"}) ([@B67]--[@B70]). We and others previously showed that the acetylation of nucleosomes at amplicon origins during late oogenesis promotes ORC binding and replication initiation ([@B71],[@B72]). Origin nucleosomes are hyperacetylated on multiple histone lysines specifically during stages 10--12 of oogenesis when ORC is bound and the origins are active, followed by a rapid deacetylation in stage 12 that correlates with the departure of ORC and shut off of the amplicon origins ([@B66],[@B68]--[@B70]). The region of highest nucleosome acetylation corresponds to preferred ORC binding sites, but there is a diminishing gradient of nucleosome acetylation and ORC binding that extends outwards from the origins over an ∼15--20 kb epigenome domain ([@B66],[@B70]). Evidence suggests that multiple histone acetyl-transferases (HATs) acetylate different histone lysines to promote different steps of ORC binding and pre-RC assembly ([@B70]--[@B71],[@B73]). The recruitment of these chromatin modifiers to the amplicon origins may be mediated in part by a transcription factor complex known as Myb-MuvB (MMB) ([@B74],[@B75]). While evidence strongly supports a role for nucleosome acetylation in amplicon origin activity, an understanding of molecular mechanism is far from complete.

![Sequences important for amplicon function are depleted of nucleosomes in stage 10 follicle cells. (**A**) Amplicon origin activity is restricted to follicle cells during late oogenesis. DAFC-66D is bound by ORC and active specifically during stages 10B-11 of oogenesis. Below is a stage 10 egg chamber showing the location of the somatic follicle cells (pink) that surround the germline oocyte and nurse cells. (**B**) Size distribution of all DNA fragments after MNase digestion of stage 10 follicle cell genomic DNA from *Oregon-R* (OR_s10.1) as determined by paired end sequencing. The filtered size range of 127--168 was used to map nucleosome positions. (**C**--**F**) Nucleosome positions at the two major amplicons on the 3^rd^ (DAFC-66D) and X (DAFC-7F) chromosomes. In each panel, the genomic coordinates and organization of the amplicons are shown above, and the corresponding signal graph for nucleosome occupancy shown in blue below. Transcription units are indicated by boxes, with translated regions in orange. Each locus has multiple chorion protein (cp) genes. Preferred initiation sites are indicated by black hashed lines and preferred ORC binding sites as red lines, but both amplicons reside within a larger zone of distributed ORC binding. (**C**) Nucleosome position at DAFC-66D during stage 10. Amplification enhancing elements (AERs a--d) stimulate origin activity and were defined by deletion mapping ([@B87]). The ACE3 and Ori-β are essential for origin activity, with the regions most important for origin function that correspond to ORC binding sites (red lines). (**D**) Enlargement of the ACE3 region. The green line demarcates an A-T rich region in ACE3 that is highly conserved at the amplicon in the genus *Drosophila*. (**E**) Enlargement of Ori-β region, the preferred site of replication initiation. (**F**) Nucleosome position at DAFC-7F. ACE1 is important for origin function, binds ORC, and is shown as a box, with the central region that has the strongest effect on origin function shown as a black box.](gkv766fig1){#F1}

In this study, we used paired-end illumina sequencing to determine how nucleosome position influences the developmental specificity of the amplicon origins. We focus on *Drosophila* amplicon in follicle cells at 66D (DAFC-66D) at which ORC binding sites and other sequences important for origin function have been mapped to high resolution. Similar to other origins, ORC binding sites at DAFC-66D are depleted of nucleosomes. Further integrative analysis suggests that ORC binds to these NDRs not just because they are depleted of nucleosomes, but also because ORC and nucleosomes have different preferences for DNA sequence and structure. Our data lead us to propose that hyperacetylation of positioned nucleosomes promotes pre-RC assembly onto adjacent DNA sequences that are disfavored by nucleosomes but preferred by ORC. DAFC-66D may be a member of an emerging subclass of origins at which DNA sequence and nucleosome modification promotes pre-RC assembly.

MATERIALS AND METHODS {#SEC2}
=====================

*Drosophila* strains {#SEC2-1}
--------------------

The *Oregon-R^modENCODE^* and *P{w^+mW.hs^ C323:GAL4}* strains were obtained from the Bloomington *Drosophila* Stock Center, (BDSC, Bloomington, IN). *P{w^+mW.hs^, UAS:dacapo*} was a gift from the Hariharan lab ([@B76]). All crosses were conducted at 25°C.

Mass isolation and purification of follicle cell nuclei {#SEC2-2}
-------------------------------------------------------

Follicle cell nuclei were mass isolated and purified using methods as previously described ([@B70]). Briefly, well-fed, fertilized females were homogenized in a blender to release individual egg chambers. Egg chambers from three different stages of oogenesis (≤s8, s10, and s12--13) were purified by serial filtration through 250--70 μm meshes, fixed with 2% paraformaldehyde solution for 15 min at room temperature and then treated with 125 mM glycine to quench the fixation. Egg chambers were further purified by hand selection of desired stages in DPBS buffer under the dissecting microscope. Samples were stored at −80°C before proceeding to nuclear preparation. Frozen staged egg chambers were thawed on ice, re-suspended in 1 ml mHB buffer (0.34 M Sucrose, 15 mM NaCl, 60 mM KCl, 0.2 mM EDTA, 0.2 mM EGTA, 0.15 mM Spermine, 0.15 mM Spermidine in 15 mM Tris--HCl, pH 8.0) supplemented with 0.5% NP-40, and dounced 15 strokes in Kontes 2 ml douncer with type A pestle. The sample was then filtered through 15 μm Nytex nylon mesh to purify the follicle cell nuclei from the larger nurse cell nuclei. The filtrate was then centrifuged for 3 min at 500 x g to pellet follicle nuclei. Follicle cell nuclei were isolated from approximately 3000 egg chambers for each sample (≤s8, s10, and s12--13) and a comparable tissue volume were used in each experiment.

Micrococcal nuclease sequencing {#SEC2-3}
-------------------------------

Follicle cell nuclei were resuspended in 100 μl digestion buffer (50 mM Tris--HCl, 5 mM CaCl~2~, pH 7.9) and digested with 50 U micrococcal nuclease (New England Biolabs, cat\# M0247S) at 37°C for 20 min, quenched with 50 mM EGTA, followed by 2 μg RNaseA (Roche) treatment at 37°C for 1 h, and 40 μg proteinase K treatment at 55°C for 1 h. NaCl was then added to a final concentration of 250 mM to solubilize undigested DNA (i.e. nucleosome protected). The undigested DNA was purified by phenol/chloroform/isoamyl alchohol extraction, ethanol precipitated, and resuspended in 1× TE buffer. DNA fragments in the 100--200 bp size range were purified on a 1.6% agarose gel and recovered with Qiaquick gel purification kit (Qiagen). A bar-coded, paired-end library was constructed using the standard Illumina protocol and 51 bp paired-end sequences obtained at the Tufts University Core Facility Genomics (TUCF genomics, <http://tucf-genomics.tufts.edu>). A coverage of ≥30× was obtained for all samples analyzed.

Extraction of inserts protected by single nucleosomes {#SEC2-4}
-----------------------------------------------------

Paired end reads from Tufts genomics sequencing center in FASTQ format were mapped to *Drosophila melanogaster* reference genome (Flybase version 5.43), using BWA version 0.6.1-r104. A maximum of 6% edit distance, which allows three mismatches per 51 nucleotide (n.t.) read, and a minimum mapping quality of 37 (BWA definition) were used in the mapping. A size filter of 127 to 168 n.t. was also applied to include single nucleosome reads before further analysis.

Analysis of nucleosome and ORC positions {#SEC2-5}
----------------------------------------

After mapping the reads to the genome, nucleosomal peaks were detected using nucleR, an R package for non-parametric nucleosome positioning ([@B77]). For preprocessing, the nucleR Fourier transform function was applied and the peaks were called with parameters of threshold \>50% and score \>0.25. Internucleosomal distance is then defined as the distance between any two adjacent called peaks by nucleR. A nucleosomal depleted region (NDR) is any internucleosomal region without any called nucleosomal peaks. ORC site data was derived from Orc2 ChIP-seq project by modENCODE, ID\#2753 ([@B78]). Orc sites that were defined by that study as having a score ≥7.5 were used to generate the graphs in Figure [5](#F5){ref-type="fig"}. In Supplementary Figure S4, all ORC site scores were plotted against NDR size. The NDR regions in *Drosophila* S2 cells in culture were calculated from previously published MNase-Seq reads ([@B79]). These ORC and nucleosome positions were then used with in-house scripts to generate graphs in Figure [5](#F5){ref-type="fig"} and Supplementary Figure S4.

DNA sequence signatures of nucleosome and ORC sites {#SEC2-6}
---------------------------------------------------

The prediction of nucleosome positions at DAFC-66D was determined in silico using a web interface from the Segal Lab: <http://genie.weizmann.ac.il/software/nucleo_prediction.html>.

Nucleotide composition at DAFC-66D was determined over a sliding 50 bp window using the nucleotide composition analysis software of MacVector (version 13.5.2) ([@B80]). Quantitative ORC binding to different DNA fragments and nucleosome acetylation data were from previously published sources ([@B12],[@B70]).

### Data access {#SEC2-6-1}

The six follicle cell MNase-Seq data sets have been deposited into NCBI-SRA under BioProject SRP057811.

RESULTS {#SEC3}
=======

ORC binding sites and other sequences important for amplicon origin function are depleted of nucleosomes {#SEC3-1}
--------------------------------------------------------------------------------------------------------

To understand the relationship between nucleosomes and amplicon origin activity, we mapped nucleosome position in follicle cells to nucleotide resolution using micrococcal nuclease digestion followed by paired-end Illumina sequencing (MNase-Seq). We began by examining stage 10 egg chambers, a time in oogenesis when amplicon origins are first bound by ORC and initiate DNA replication (Figure [1A](#F1){ref-type="fig"}) ([@B63],[@B67],[@B69]). We used a wild type *Oregon-R* strain that was also used by the modENCODE project for genomic and epigenomic mapping (*OR^modENCODE^*) ([@B81]). To achieve a high developmental resolution, we used a mass isolation procedure to collect different stages of oogenesis ([@B70]). After fixation, stage 10 egg chambers were further hand selected and follicle cell nuclei were purified from larger nurse cell nuclei by filtration (Figure [1A](#F1){ref-type="fig"})([@B70]). Nuclear chromatin was digested with MNase, and the protected DNA fragments were isolated and subjected to paired-end illumina sequencing. Analysis of the sequencing reads revealed an ∼150 bp modal fragment size that was protected from MNase digestion, consistent with the known length of DNA wrapped around a nucleosome (Figure [1B](#F1){ref-type="fig"}). There was a distribution of smaller and larger fragments, which in other studies have been shown to result from partial wrapping of DNA around nucleosomes or protection from MNase digestion by other proteins ([@B82]--[@B84]). To analyze the fragment population that reflects protection by single nucleosomes, we filtered the data to a fragment size range of 127--168 bp, and then mapped these fragments to the annotated *Drosophila* genome (Figure [1B](#F1){ref-type="fig"}) ([@B85],[@B86]).

We focused our analysis on the well-characterized DAFC-66D amplicon where ORC binding sites and functional *cis* sequences have been mapped to highest resolution. Mapping of MNase-Seq reads indicated that most nucleosomes at DAFC-66D occupied the exonic regions of the four chorion protein (cp) genes, whereas the introns and intergenic sequences were nucleosome depleted regions (NDRs) (Figure [1C](#F1){ref-type="fig"}). These intergenic NDRs overlapped amplification enhancer regions (AERs a--d), which contribute quantitatively to origin function (Figure [1C](#F1){ref-type="fig"}) ([@B87],[@B88]). Importantly, NDRs corresponded to two regions that are essential for origin function; the 320 bp Amplification Control Element on 3 (ACE3) and the 840 bp Ori-β (Figure [1C](#F1){ref-type="fig"}--[E](#F1){ref-type="fig"}). Both ACE3 and Ori-β are required for origin function, both are bound by ORC *in vitro* and *in vivo*, and Ori-β is the preferred replication initiation site ([@B12],[@B63],[@B68],[@B87]--[@B91]). While the 5′ end of ACE3 was a NDR, its 3′ end overlapped a nucleosome occupied region (Figure [1C](#F1){ref-type="fig"},[D](#F1){ref-type="fig"}). The 3′ boundary of this NDR in ACE3 corresponded to a 72bp poly-A:T sequence that has been highly conserved among orthologous amplicons in the genus *Drosophila* over 40 million years of evolution (Figure [1D](#F1){ref-type="fig"}) ([@B92]--[@B94]). The ACE3 NDR also corresponds to regions bound by the Myb-MuvB transcription factor complex ([@B74]). Ori-β also corresponded to an extended region of very low nucleosome occupancy (\>700 bp) (Figure [1C](#F1){ref-type="fig"} and [E](#F1){ref-type="fig"}). The 5′ Ori-β subregion is crucial for origin function and was especially devoid of nucleosomes (Figure [1E](#F1){ref-type="fig"}) ([@B12],[@B68],[@B90]). Biological replicates of the MNase-Seq using independently-isolated stage 10 follicle cell nuclei for a new sequence run yielded a highly similar nucleosome occupancy map (Supplementary Figure S1A and B). Together, these results show that the ORC binding sites ACE3 and Ori-β and other regions important for DAFC-66D origin function have low nucleosome occupancy in stage 10 follicle cells.

To determine if low nucleosome occupancy is a property of regulatory elements at other amplicon origins, we examined the amplicon on the X chromosome, DAFC-7F, during stage 10 ([@B95],[@B96]). Similar to DAFC-66D, at DAFC-7F exon regions were most occupied by nucleosomes, while the introns and intergenic regions among the four X-linked chorion protein genes were NDRs (Figure [1F](#F1){ref-type="fig"}). The region most important for DAFC-7F origin function is the ∼3 kb Amplification Control Element on 1 (ACE1), a region bound by ORC *in vitro* and *in vivo* (Figure [1F](#F1){ref-type="fig"}, black box) ([@B68],[@B96]). The 5′ end of ACE1 is most critical for origin function and overlapped an NDR in the promoter region of the cp38 gene (Figure [1F](#F1){ref-type="fig"}) ([@B96]). A larger region spanning ACE1 that is known to further stimulate origin function corresponded to several NDRs (Figure1F gray box) ([@B96]). Biological replicates yielded highly similar results for nucleosome position at DAFC-7F (Supplementary Figure S1C). Thus, like DAFC-66D, it appears that some of the functional origin sequences at DAFC-7F are NDRs, while others are at least partially occupied by nucleosomes.

Given that the origin is actively initiating replication in stage 10, we considered the possibility that replication forks moving through the region may affect average nucleosome position. To address this, we repeated the MNase-Seq analysis on follicle cells in which replication initiation was blocked by expressing the CDK2 inhibitor *dacapo (dap)* ([@B97],[@B76]). We had previously shown that expression of a *UAS:dacapo* transgene in follicle cells using the c323GAL4 driver strongly inhibits Cyclin E / CDK2 and completely blocks the initiation of DNA replication at the amplicons ([@B67],[@B70]). Analysis of the MNase-Seq results from these egg chambers revealed that nucleosomes at DAFC-66D and DAFC-7D have similar positions in wild type and *dap* expressing follicle cells, indicating that the movement of replication forks through this region does not result in gross nucleosome repositioning at the active origins (Supplementary Figure S1A-C).

We also mapped nucleosomes at the four other DAFC loci that are amplified to lower levels (∼4--8 fold) in follicle cells ([@B66]--[@B67],[@B70],[@B98]--[@B100]). This showed that intergenic regions at these loci were also NDRs. (Supplementary Figure S2A-D). Previous nascent strand mapping showed that the replication initiation site at DAFC-34B occurs near the Vm34Ca gene, a site that is adjacent to an especially large NDR of \>5 kb ([@B100]). At DAFC-62D, three ORC binding sites have been mapped that spanned regions that are both occupied and unoccupied by nucleosomes (Supplementary Figure S2D)([@B101]). It was previously shown that activity of the DAFC-22B amplicon is strain-specific, and that it is neither active nor hyperacetylated in the *OR^modENCODE^* strain that we used for MNase-seq ([@B66],[@B70]). Nevertheless, at DAFC-22B, there were NDRs that were comparable in size or larger than those at the other active DAFC loci (Supplementary Figure S2A). Thus, at the minor amplicons, some ORC binding sites and other sequences important for origin function are NDRs, while others are occupied by nucleosomes. It is important to note, however, that for those regions where ORC and nucleosomes map to the same site, it cannot be concluded that they bind simultaneously to the same DNA fiber because these data are a snapshot of average nucleosome position in a population of cells.

NDR size does not correlate with ORC binding sites or active origins {#SEC3-2}
--------------------------------------------------------------------

The data at DAFC-66D revealed a correlation between intergenic NDRs, ORC binding sites, and functional origin sequences. This result is consistent with evidence from yeast to mammals that most ORC binding sites and active origins are NDRs ([@B2]). At DAFC-22B, however, there were several NDRs, but this origin is not active in the *OR^modENCODE^* strain ([@B66],[@B70]). To assess if NDR size correlates with origin activity, we compared the size of amplicon origin NDRs to the distribution of inter-nucleosome distances for the entire follicle cell genome (Figure [2A](#F2){ref-type="fig"}--[C](#F2){ref-type="fig"}). The genome-wide NDR size distribution was bimodal with two prominent peaks at ∼120 and ∼200 bp, although there were many larger NDRs up to several kb in size, similar to previously published MNase-Seq data for NDR size distribution in cultured *Drosophila* cells (see below) (Figure [2C](#F2){ref-type="fig"}) ([@B79]). Some of the amplicon NDRs were larger than the modal inter-nucleosomal distance, for example the ∼700 bp NDR of Ori-β at DAFC-66D (Figure [2A](#F2){ref-type="fig"}-[C](#F2){ref-type="fig"})([@B66]). Importantly, while many loci have NDRs that are larger than those at the amplicons, previous ORC ChIP-array data indicated that they are not bound by ORC in stage 10 follicle cells ([@B66]). These data suggest that large NDR size is not sufficient to specify an ORC binding site or active origin in stage 10 follicle cells.

![Nucleosome depleted regions (NDRs) at the amplicons are not exceptionally large. NDRs at DAFC-66D (**A**) and DAFC-7F (**B**) are demarcated by magenta lines and numbered. (**C**) Comparison of amplicon NDR sizes, defined by internucleosome distance, to the distribution of all NDRs genome-wide. The orange line represents the distribution of all NDR sizes in the follicle cell genome during stage 10. The dots represent the size of the different NDRs from DAFC-66D (66D) and DAFC-7F (7F) as defined in panels (A) and (B).](gkv766fig2){#F2}

Nucleosome position does not change with amplicon origin activity {#SEC3-3}
-----------------------------------------------------------------

Nucleosomes at amplicon origins are hyperacetylated only during stages 10--12 of oogenesis, and this contributes to ORC binding and origin efficiency ([@B66],[@B69]--[@B72]). It is known that the acetylation of nucleosomes at gene promoters can recruit ATP-dependent nucleosome remodeling complexes that reposition nucleosomes, thereby allowing transcription factors to gain access to their DNA binding sites ([@B102]). We wondered, therefore, whether the nucleosome acetylation at amplicon origins also alters nucleosome position, permitting ORC access to its binding sites in stage 10, and thereby controlling the developmental timing of origin activation.

To investigate this possibility, we used MNase-Seq to compare nucleosome position in follicle cells at stages of oogenesis before the amplicon origins are active (stages 1--8, hereafter ≤8), while the origins are active (stage 10) and after the origins have shut off (stages ≥12) (Figure [1A](#F1){ref-type="fig"}). We also compared nucleosome position in follicle cells with extant MNase-Seq data for *Drosophila* S2 cells in culture (embryo-derived), a cell type in which the amplicon origins are not active (Figure [3A](#F3){ref-type="fig"}) ([@B44],[@B79],[@B103]). This analysis revealed that nucleosome position at DAFC-66D and DAFC-7F are virtually identical among follicle cells during all stages of oogenesis and in S2 cells, including the NDRs corresponding to the ORC binding sites in ACE3 and Ori-β (Figures [3B](#F3){ref-type="fig"}, [C](#F3){ref-type="fig"}, [4A](#F4){ref-type="fig"}--[C](#F4){ref-type="fig"}). Analysis of the other four amplicons also showed that nucleosome position and NDR size is highly similar among different stages of oogenesis and in S2 cells (Supplementary Figure S3A--D). These data suggest that dynamic nucleosome repositioning does not govern the developmental specificity of ORC binding and amplicon origin activity.

![Nucleosome positions at DAFC-66D are similar among different stages and cell types. (**A**) Distribution of internucleosomal distances in Mnase-Seq data for follicle cells from different stages of oogenesis and embryonic S2 cells in culture. Follicle cells from stages 1--8 (OR_s8.1, OR_s8.2), stage 10 (OR_s10.1, OR_s10.2), or stage 12--13 (OR_s12.1), or stage 10 in which replication was inhibited by expressing dacapo (dap_s10). Numbers after the decimal points represent biological replicates. Internucleosomal distance for replicates of S2 cells in culture (S2cell.1, S2cell.2, S2cell.3) represents analysis of published MNase reads ([@B79]). (**B** and **C**) Nucleosome occupancy at DAFC-66D Ori-β (**B**) and ACE3 (**C**) are similar in follicle cells from different stages of oogenesis and S2 cultured cells.](gkv766fig3){#F3}

![NDR sizes at DAFC-66D and DAFC-7F are similar among different stages and cell types. (**A** and **B**) Nucleosome occupancy in follicle cells during different stages of oogenesis and in S2 cells in culture at DAFC-66D (**A**) and DAFC-7F (**B**). The different NDRs at the origins are indicated by magenta lines and numbers. (**C**) Comparison of NDR sizes in follicle cells at stages 1--8 (OR_s8.1), stage 10 (OR_s10.1), and in S2 cultured cells (S2cell.1) ([@B79]). The different NDR\'s at DAFC-66D (66D) and DAFC-7F (7F) correspond to the numbers shown in (A) and (B).](gkv766fig4){#F4}

ORC NDRs are similar between S2 and follicle cells, but NDRs are not sufficient to predict ORC occupancy {#SEC3-4}
--------------------------------------------------------------------------------------------------------

The striking conservation of nucleosome position at amplicons between ovarian follicle cells and embryonic-derived S2 cells in culture prompted us to ask if nucleosome position is conserved between these cell types at other loci. To focus on the relationship of NDRs to origins, we analyzed the loci that bind ORC in cell culture ([@B36]). It was previously shown that these ORC binding sites are depleted of nucleosomes ([@B36]). We repeated this analysis using published ORC and nucleosome positions in S2 cells, focusing on significant ORC sites with a binding score of \>7.5, as defined by previous studies ([@B36],[@B79]). The results confirmed that ORC tends to bind in regions of the S2 cell genome that are relatively depleted of nucleosomes (Figure [5](#F5){ref-type="fig"}) ([@B36]). Analysis of our MNase-Seq data indicated that these same ORC sites are also depleted of nucleosomes in follicle cells during stages [\<]{.ul}8, 10 and 12-13 of oogenesis (Figure [5](#F5){ref-type="fig"}, Supplementary Figure S4). This includes stage 10 follicle cells in which only a subset of loci are bound by ORC, and in which only five loci are active origins. Thus, nucleosome depletion is not a strong predictor of ORC binding or active origins in stage 10 follicle cells. Moreover, within S2 cells there are many large NDRs that are not bound by ORC during genomic replication ([@B36]). Thus, while ORC has relaxed DNA binding specificity *in vitro*, and its binding sites strongly correlate with low nucleosome occupancy *in vivo*, ORC does not simply bind where DNA is not occupied by nucleosomes.

![ORC binding sites are nucleosome depleted in S2 cells and ovarian follicle cells. Average nucleosome occupancy at ORC sites genome wide (y-axis) is plotted around the center of the ORC binding sites (x-axis) for follicle cells at different stages (OR_s8.1, OR_s8.2, OR_10.1, OR_10.2, dap_s10, OR_s12.1) and S2 cells in culture (S2cell.1, S2cell.2, S2cell.3). ORC sites with binding score \>7.5 and S2 cell MNase-Seq data were from published sources ([@B36],[@B79]).](gkv766fig5){#F5}

Adjacent nucleosome and ORC positions at DAFC-66D are partially determined by DNA sequence {#SEC3-5}
------------------------------------------------------------------------------------------

It is known that nucleosomes prefer specific types of DNA primary sequence, but disfavor others, and that this is a major determinant of nucleosome position *in vivo* ([@B104],[@B105]). Consistent with this, our data indicated that nucleosome position is highly similar among different stages and cell types genome wide (Figure [3A](#F3){ref-type="fig"} and data not shown). At other loci, however, there were differences in nucleosome position among stages and cell types, consistent with active nucleosome remodeling contributing to nucleosome position *in vivo* ([@B106]). To evaluate the contribution of DNA sequence to nucleosome position at DAFC-66D, we analyzed the locus using an algorithm that predicts nucleosome position based on the previously-determined sequence signatures for stable DNA-nucleosome interactions ([@B104],[@B105]). We focused on the ∼3.8 kb minimal origin that spans ACE3 and Ori-β, which is sufficient to direct amplification when inserted at ectopic genomic sites ([@B107],[@B108]). The nucleosome occupancy predicted from *in silico* analysis of DNA sequence was highly similar to the observed MNase-Seq nucleosome occupancy *in vivo*, with only three positions of notably different occupancy (Figure [6A](#F6){ref-type="fig"}-[C](#F6){ref-type="fig"}). Specifically, there was a close match between predicted and observed nucleosome occupied sites over the cp18 and cp15 transcription units, as well as the region in between ACE3 and cp18. Similarly, there was a strong correspondence between DNA sequences predicted to be strongly disfavored by nucleosomes and the observed NDRs *in vivo*, including Ori-β and ACE3 (Figure [6A](#F6){ref-type="fig"}-[C](#F6){ref-type="fig"}). These results suggest that while active nucleosome remodeling may contribute, DNA sequence has a major influence on nucleosome position at DAFC-66D.

![Nucleosome position at DAFC-66D is largely determined by primary DNA sequence. (**A**) Comparison of observed nucleosome occupancy at DAFC-66D in follicle cells in stage 10 (dark blue) with predicted nucleosome occupancy (light blue) based on nucleosome DNA sequence preferences ([@B104],[@B105]). Red asterisks indicate three predicted nucleosome positions that were less occupied *in vivo* than predicted. (**B** and **C**) Expanded view of predicted and observed nucleosome occupancy at ACE3 (**B**) and Ori-β (**C**), with nucleotide composition plotted above (see color key). Nucleosome occupied sites are relatively GC rich (black and blue), while nucleosome depleted regions in ACE3 and Ori-β contain extended poly A:T tracts (red and green) that correspond to ORC binding sites.](gkv766fig6){#F6}

Further analysis of nucleotide composition showed that the nucleosome occupied regions were relatively G:C rich while the NDRs were very A:T rich (Figure [6B](#F6){ref-type="fig"} and [C](#F6){ref-type="fig"}). The NDRs in ACE3 and Ori-β include extended poly A:T tracts that are highly conserved at orthologous amplicons in the genus *Drosophila* ([@B92]--[@B94]). Although these poly A:T regions in the NDRs of ACE3 and Ori-β are strongly disfavored by nucleosomes, previous evidence suggested that they are bound by ORC *in vitro* and *in vivo* ([@B12]--[@B13],[@B18],[@B66],[@B68],[@B70],[@B109]). To further examine the DNA sequence contribution to nucleosome and ORC positions, we compared our MNase-Seq data for nucleosome position *in vivo* to ORC binding to DAFC-66D DNA *in vitro* from the Botchan lab ([@B12]). Strikingly, the quantitative profile of ORC binding to different naked DNA fragments across DAFC-66D *in vitro* is the inverse of the observed nucleosome positions *in vivo* (Figure [7](#F7){ref-type="fig"}). The poly A:T rich regions in ACE3 and Ori-β are preferred by ORC but strongly disfavored by nucleosomes (Figure [7](#F7){ref-type="fig"}). These results are consistent with the idea that nucleosomes and ORC prefer different DNA sequences, and that this contributes to their positions at DAFC-66D and perhaps other origins.

![ORC binding to DAFC-66D is influenced by DNA sequence and hyperacetylation of positioned nucleosomes. The DAFC-66D 3.8 kb minimal origin with nucleosome occupancy *in vivo* (blue) shown above and relative ORC binding to different naked DNA fragments *in vitro* indicated below (bar graph) ([@B12]). The preferred nucleosome and ORC occupancy distributions are inverse of each other. Regions of GC rich DNA (blue line) and conserved, bent, poly A:T DNA (red box) are indicated ([@B94],[@B124]). The red box above indicates the region of greatest hyperacetylation on histones H3 and H4 (H3Ac / H4Ac) that occurs exclusively during stages 10--11 when ORC is bound and the origin is active ([@B70]). This acetylated nucleosome resides between the sites of high ORC occupancy, with one corresponding to Ori-β, the preferred replication initiation zone (black dotted line) ([@B89],[@B90]). This region lies at the center of a diminishing gradient of ORC occupancy and histone acetylation that extends outwards over ∼20 kb epigenome domain (red arrows below) ([@B66],[@B70]). These data lead to a model wherein both DNA sequence and nucleosome acetylation contribute to the location and developmental timing of pre-RC assembly at the amplicons.](gkv766fig7){#F7}

DISCUSSION {#SEC4}
==========

We have defined nucleosome position at amplicon origins to evaluate how chromatin influences origin activity during development. At the well-characterized DAFC-66D origin, ORC binding sites and other sequences important for origin function are depleted of nucleosomes. Our data from tissues are consistent with evidence from cells in culture that ORC binds in NDRs, but also confirms that being an NDR is not sufficient for ORC binding and origin activity. Importantly, integration of this data with previous findings suggests that DNA sequence and structure contributes to ORC and nucleosome positions at DAFC-66D. Hyperacetylation of these positioned nucleosomes during stage 10 of oogenesis likely promotes ORC recruitment and pre-RC assembly onto adjacent DNA sequences that are disfavored by nucleosomes but preferred by ORC. More broadly, these data at DAFC-66D suggest that at a subclass of origins DNA sequence and structure in conjunction with nucleosome modification promote pre-RC assembly.

DNA sequences essential for amplicon origin function are NDRs, but NDRs are not sufficient to specify the origin {#SEC4-1}
----------------------------------------------------------------------------------------------------------------

Similar to other origins from yeast to humans, ORC binding sites at DAFC-66D are NDRs (Figure [7](#F7){ref-type="fig"}) ([@B2]). The extended depletion of nucleosomes in Ori-β also likely permits the clamping of the MCM replicative helicase around the DNA at this preferred replication initiation site. Thus, although amplicon origins are responsible for a specific developmental gene amplification, they share many attributes with other origins including nucleosome depletion at pre-RC binding sites. Given that ORC has relaxed DNA binding specificity *in vitro*, an extreme view of origin specification posits that ORC can bind DNA wherever it is not occluded by nucleosomes. Our data, however, are not consistent with this extreme 'permissive' model. Although NDRs at the amplicons are similar among all stages of oogenesis and in S2 cells, ORC is only bound to the amplicons during stages 10--11 of oogenesis. It remains possible that other proteins bound to the amplicon NDRs prevent ORC access to DNA when the origin is not active. Nonetheless, genome-wide analysis of nucleosome position and ORC binding indicated that while ORC binding sites are NDRs, not all NDRs are bound by ORC, consistent with the view that depletion of nucleosomes is not sufficient to specify ORC binding sites ([@B36],[@B110]).

Evidence suggests that ATP-dependent nucleosome remodeler complexes may regulate some origins of eukaryotic chromosomes and mammalian viruses ([@B37],[@B111]--[@B114]). We found no evidence, however, that a change in nucleosome position is associated with the developmental activation of amplicon origins. It remains an open question whether small changes to nucleosome position, or a change in the dynamic association of nucleosomes with origin DNA, contribute to the developmental activation of the origins. Indeed, it has been shown that nucleosomes that contain both histone variants H3.3 and H2Az have a labile association with DNA and correlate with ORC binding sites genome wide ([@B36],[@B115]--[@B117]). Given that these double-variant nucleosomes are not detected under standard conditions for MNase-Seq, other approaches will be needed to determine whether they are resident at amplicon origins and contribute to their activity ([@B118],[@B119]).

Origin DNA sequence and structure may contribute to adjacent nucleosome and ORC positions {#SEC4-2}
-----------------------------------------------------------------------------------------

Our analysis leads us to propose that DNA primary sequence contributes to a close apposition of nucleosomes and ORC at DAFC-66D. We found that the DNA code for nucleosome positioning closely matches our observed nucleosome occupancy *in vivo* ([@B104],[@B105]). The NDRs at ACE3 and Ori-β both contain poly A:T tracts, a DNA sequence type that is strongly disfavored by nucleosomes, and which often resides at the borders between nucleosome-occupied and unoccupied regions ([@B120]). The two poly A:T rich regions at DAFC-66D flank the nucleosome-preferred GC-rich sequences, which all together likely contribute to the observed positioning of nucleosomes over the cp18 gene. Conversely, it has been shown that yeast, human, and *Drosophila* ORC prefers to bind to poly A:T DNA, and that ORC has higher affinity for the AT-rich ACE3 and Ori-β than the GC-rich cp18 transcription unit *in vitro* ([@B12],[@B18],[@B68],[@B109],[@B121]). The inverse relationship between ORC binding *in vitro* and nucleosome positions *in vivo* suggests that ORC binds these NDRs not just because they lack nucleosomes, but also because ORC favors the DNA sequences that are disfavored by nucleosomes (Figure [7](#F7){ref-type="fig"}) ([@B12]). An important contribution of the poly A:T sequences to origin function is supported by the ability of DAFC-66D transgenes that contain them to direct amplification at ectopic genomic sites, and by their high level of conservation at orthologous amplicons in other *Drosophila* species that diverged 40 million years ago ([@B90],[@B92]--[@B94],[@B107]). One prediction from our data is that these conserved poly A:T sequences template similar nucleosome and ORC positions in these distant *Drosophila* species. Moreover, our data for DNA sequence contributing to nucleosome and ORC positions may be more broadly relevant to reports of specific arrangements of GC and AT-rich sequences at origins in humans, mice, and flies ([@B17],[@B19],[@B21],[@B122]--[@B123]).

DNA primary sequence may influence nucleosome and ORC positions in part through an effect on DNA helix topology and higher-order structure ([@B104]). It is known that poly A:T tracts form specific conformations that are strongly disfavored for wrapping around nucleosomes, and that poly A:T stretches at DAFC-66D adopt this type of DNA structure *in vitro* ([@B120],[@B124]). In addition, it was previously shown that *Drosophila* ORC prefers to bind negatively supercoiled DNA ([@B12]). While an intrinsic DNA bending and supercoiling is disfavored by nucleosomes, it may promote a specific path of the DNA fiber through a central channel of the ORC, a proposed conformation that is consistent with EM and AFM imaging and the recent crystal structure of the *Drosophila* ORC ([@B125]--[@B129]). Indeed, other evidence from both eukaryotes and prokaryotes suggests that DNA bending may be an ancient origin property that is important for origin function ([@B2],[@B130]--[@B139]). Importantly, our results suggest the new idea that this intrinsic DNA architecture at DAFC-66D may help choreograph the interplay between ORC and origin nucleosomes.

Hyperacetylation of positioned nucleosomes may establish an amplicon origin epigenome domain that stimulates pre-RC assembly and activation {#SEC4-3}
-------------------------------------------------------------------------------------------------------------------------------------------

Although ORC prefers to bind ACE3 and Ori-β, this preference is only ∼7-fold relative to other sequences, with negative supercoiling of DNA increasing ORC binding specificity to ∼30-fold ([@B12]). Given that these sequences are NDRs before stages 10--11, this intrinsic preference of ORC for DNA sequence, and perhaps DNA structure, is not sufficient to explain the developmental specificity of the amplicon origins. Previous data indicated that histone hyperacetylation during stages 10--11 is required for ORC binding and amplicon activity ([@B66],[@B70]--[@B73]). Recent ChIP-qPCR and ChIP-array analysis revealed that the highest histone hyperacetylation and ORC occupancy occurs near the preferred initiation sites at all amplicon loci, but that there is also a gradient of decreasing histone acetylation and ORC binding that extends outward over ∼10--20 kb (Figure [7](#F7){ref-type="fig"}) ([@B66],[@B70]). At DAFC-66D, a highly prominent peak of hyperacetylation corresponds to the nucleosomes that are positioned over cp18, in between ACE3 and Ori-β, the two sites of highest ORC occupancy (Figure [7](#F7){ref-type="fig"}) ([@B70]). These results lead us to propose that hyperacetylation of these positioned nucleosomes during stage 10 may promote ORC recruitment and pre-RC assembly onto the adjacent NDRs of ACE3 and Ori-β. These initial events at the center of the amplicon may nucleate the observed 20 kb epigenome domain of histone acetylation and ORC binding to intergenic NDRs, which may adopt a higher order structure that promotes origin activity ([@B2],[@B66],[@B70]). Important remaining questions include how HATs are recruited to the amplicons and how histone acetylation facilitates different steps of pre-RC assembly and activation. The developmental timing of histone hyperacetylation is correlated with pre-RC assembly at active amplicons in other *Drosophila* species, further suggesting that this conserved aspect of the origin epigenome is important for origin function ([@B94]).

DAFC-66D may belong to a subclass of origins at which nucleosomes promote pre-RC assembly {#SEC4-4}
-----------------------------------------------------------------------------------------

Our data for DAFC-66D is consistent with growing evidence that nucleosomes can play a direct, positive role in pre-RC assembly at a subclass of origins from yeast to humans ([@B46],[@B49]--[@B51],[@B140]--[@B143]). We propose that at these other origins DNA sequence templates adjacent nucleosome and ORC positions. Indeed, a correlation between poly A:T tracts and NDRs at replication origins has been noted in yeast, humans and *Drosophila* ([@B36],[@B43],[@B45]). While this paper was under review, a high-resolution mapping of DNA replication initiation sites was reported for three *Drosophila* cell culture lines ([@B144]). Consistent with our data, analysis of these origins in cell culture led to the conclusion that poly A:T-rich sequences, DNA shape, and chromatin modifications all contribute to specifying origins. An important prediction from our results is that these poly A:T sequences not only define NDR boundaries, but also promote the binding of ORC adjacent to some nucleosomes that directly assist pre-RC assembly. ORC may have evolved a relaxed preference for DNA sequences that are disfavored by nucleosomes because of selective pressure to assemble an excess of pre-RCs to ensure full genome duplication. Given that even a relatively short poly A:T sequence promotes nucleosome exclusion over an ∼100--150 bp region, the preference of ORC for these sequences may also ensure an NDR of sufficient size for the clamping of the MCM helicase around DNA ([@B4],[@B145]). Our high-resolution MNase-Seq maps, combined with other methods afforded by the model amplicon origins, will permit a further definition of how nucleosome position and modification promotes pre-RC assembly at a subclass of origins.
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